We report a hyperspectral imaging system to measure the reflectance spectra of real human irises with high spatial resolution. A set of ocular prosthesis was used as the control condition. Reflectance data were decorrelated by the principal-component analysis. The main conclusion is that spectral complexity of the human iris is considerable: between 9 and 11 principal components are necessary to account for 99% of the cumulative variance in human irises. Correcting image misalignments associated with spontaneous ocular movements did not influence this result. The data also suggests a correlation between the first principal component and different levels of melanin present in the irises. It was also found that although the spectral characteristics of the first five principal components were not affected by the radial and angular position of the selected iridal areas, they affect the higherorder ones, suggesting a possible influence of the iris texture. The results show that hyperspectral imaging in the iris, together with adequate spectroscopic analyses provide more information than conventional colorimetric methods, making hyperspectral imaging suitable for the characterization of melanin and the noninvasive diagnosis of ocular diseases and iris color. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
The human iris is the multilayered thin disk sector that surrounds the pupil and modifies its diameter. The iris color varies between people and arises from several optical phenomena like light absorption in the natural pigments and multiple scattering by the pigment granules and iridal tissues. [1] [2] [3] [4] [5] Among the different cell types that contribute to the iris pigmentation, those that contain melanin or melanocytes play a central role. At least two types of iridal melanin have been identified; eumelanin, a dark-brown pigment and phenomelanin, a reddish-yellowish pigment. [4] [5] [6] [7] [8] [9] [10] The innermost layer of the iris pigment epithelium is dark in all irises and basically contains eumelanin. 1, 7, 11 However, the structure and mixtures of both melanins in the iris stroma vary with iris color. 1, 10, 12 Dark pigmented irises contain higher amounts of melanin and higher eumelanin/phenomelanin ratios, 4, 7, 12, 13 larger melanin granules, and higher granule density than light pigmented irises. 1, 12, 14 The irregular structure of the iris and other natural pigments such as carotenoids 15 and hemoglobins in the blood vessels can also contribute to the total absorption and scattering, but their effects remain unclear. 2, 3, 5, 16 The characterization of the iris reflectance in vivo is important because melanin has a photoprotective effect 1, 6, 10 and has been correlated with certain pathological conditions (e.g., albinism), and ophthalmic diseases such as ocular melanoma, 1, 17, 18 agerelated macular degeneration, 1, 6, 19 and cataracts. 20, 21 Due to the complex spatio-chromatic structure of the iris, this characterization is best done by hyperspectral imaging, a technique that combines spatial and spectral information. In comparison with iris color classification systems, 22, 23 standard color photographs, 17, 24, 25 or conventional spectroradiometers and RGB camera-based systems, 8, 16, 26, 27 hyperspectral imaging can be applied to detect local changes of reflectivity and to identify the presence of melanin. In hyperspectral imaging, a stack of images are collected across the electromagnetic spectrum producing a multidimensional representation of the biological tissue. These images are then combined producing a three-dimensional block or "image cube," with two axes representing the spatial data and the third the spectral data. 28, 29 In comparison with multispectral imaging, hyperspectral sensors deal with many adjacent wavelength bands and provide the continuous spectrum of a single scene pixel by pixel. 29 Previous works have shown the applicability of multispectral imaging in iris recognition systems [30] [31] [32] [33] and iris colorimetry. 27 Vilaseca et al. 27, 34 measured the iris reflectance using a motorized filter wheel from 400 to 700 nm in steps of 50 nm. The results of a principal component analysis (PCA) suggest that three principal components can account for more than 99% of the total variance across a large number of measured irises, 27 and therefore only three well-defined colorants are sufficient to describe their spectral and chromatic variability. Because the sampling interval determines the number of principal components, 35 it is not clear whether such a small number of components generalize for smaller sampling intervals more suitable for hyperspectral imaging, 29 and for colorimetry and reflectance data. 36 In this work we studied the spectral properties of light reflected in healthy human irises using a hyperspectral acquisition system with a spectral resolution of 20 nm. We examined the reflectance spectra for iris colorimetry and for dimensionality reduction and therefore, extended previous studies on multispectral optical imaging in the iris 27, [32] [33] [34] providing more spectral information and determined the optimal number of elements by PCA. The number and spectral characteristics of human irises were also compared against a set of ocular prostheses as the control condition. In addition, the potential effects of spontaneous eye movements 37 during the image acquisition and in the PCA, were studied using a correction algorithm based on the phase correlation method. [38] [39] [40] The PCA results were also correlated with pigment identification, as under certain control conditions, PCA has been used to study the spatial properties of melanin and hemoglobins in the skin [41] [42] [43] and in the cortical tissue. 44 We compared PCA between a light and dark pigmented iris and the first characteristic vector was correlated with modeled reflectance curves in previous iris models. 2, 3, 16 Finally, we investigated the possible influence of the iris texture on PCA taking into account the position of the selected areas in polar coordinates, namely, the radial coordinate and the polar angle, an approach that allows the analysis of structural effects in the spectral signature of the vectors inferred from PCA.
Hyperspectral Imaging System
Figures 1(a) and 1(b) represent a schematic view of the light source module and the entire hyperspectral imaging system, respectively. 45 It consisted of an illumination source or xenon lamp (Hamamatsu L2274, 150 W), connected to a power supply (Hamamatsu C2577). The light was collimated using two identical convergent lenses, each with a focal distance of 50 mm, and a circular diaphragm. The light was also filtered with ultraviolet and infrared blocking filters.
A tunable liquid crystal filter (Varispec VS-VIS2-10HC-35-SQ, Cambridge Research and Instrumentation, Inc., Boston, Massachusetts) was mounted in front of the light source. The filter has a transmission wavelength range between 400 to 720 nm with a FWHM of 10 nm at 550 nm. The bandwidth decreases to 6 nm at 400 nm and increases to 16 nm at 720 nm, in the same way as standard Lyot filters. 28, 29 The out of band transmission was less than 0.01%. The filter had a 35-mm aperture and a field of view of ±7 deg. One mirror projected the collimated light over the iris at a fixed illumination angle close to 45 deg. To acquire hyperspectral images, a monochrome charge-coupled device (CCD) digital camera (TM-1010, Pulnix America, Inc.) was mounted normal to the human eye. The CCD camera had a spatial resolution of 1024×1024 pixels with a cell size of 9 μm × 9 μm and 10-bits output. The camera had an electronic shutter with a timer controlled by an external trigger pulse. A conventional objective (Cosmicar TV zoom lens n o 57827) was used in the camera. The lens had an aperture of f/1.8 and a focal distance between 12.5 and 75 mm. The working distance was reduced with a 40 mm extension tube between the CCD camera and the lens, producing a resolution of 25 μm per pixel. The images were acquired with a frame grabber (Matrox Corona/8/E, Matrox Electronic Systems, Ltd., Quebec). The frame grabber also provides the external signal to control the time shutter of the CCD camera. Synchronization and control of the frame grabber, a tunable liquid crystal filter (LCTF), and the CCD camera were done with in-house software.
Human and Artificial Irises
Hyperspectral images were collected over 21 different human irises. In all cases, only the right eye was used as the test condition. The set of human irises contained samples within a reasonable range of colors, from dark brown to light blue. Observers did not blink the eyes during hyperspectral acquisition. The effect of colored lights on the consensual pupilary light reflex 37, 46 was minimized illuminating the nontested iris in the left eye with a punctual source of light. All the iridal areas selected for further processing were far from the pupil border (see Fig. 2 ). A set of 4 ocular prostheses act as the control condition. The hyperspectral acquisition procedure used for the ocular prosthesis was identical to the real human irises.
Procedure
To ensure luminous stability, measurements started after the Xenon lamp were turned on for 20 min. Eye exposure to light at all wavelengths was in accordance with the norm ANSI Z136.1-2000 (American National Standard for Use of Lasers). For each individual iris, the exposure time at each wavelength was calculated before image acquisition using an optimization algorithm so that maximum pixel output was within 86 to 90% of the CCD saturation value. 47, 48 The wavelength range between 410 and 710 nm was sampled at 20 nm intervals. Each hyperspectral set consisted of 16 images and the total acquisition time was approximately 11 s. Hyperspectral data were calibrated using white and black reference arrays (usually called the "bright field" and the "dark field cube," respectively). 28 The bright field cube was obtained from a flat pressed tablet of barium sulphate (Ba 2 SO 4 ). The corresponding image cube was acquired in identical conditions as for the iris. The black image cube gives an estimation of the dark current noise 49, 50 and was obtained in the same exact condition as in the white reference but with the light source off which prevented any light into the CCD camera. 47, 48 To minimize spatial nonuniformities from the imaging system, for each iris only a square of 410×410 pixels was selected at the center of the image cube. The reflectance factor at wavelength λ and at pixel positions i and j R i j (λ) was calculated from the spectral radiance of the human iris captured by the CCD camera I i j (λ), and after correcting for the intensity of the dark field cube DC i j (λ) and normalizing for the bright field cube W i j (λ): 47, 48 
It is important to note that the human iris is located after the cornea and the chamber that contains the aqueous humor. Although both are transparent to visible light and lack blood vessels, 51, 52 to some extent they influence the light path and, therefore, Eq. (1) represents the spectral reflectance function of the iris through the cornea and chamber affected by a scaling factor.
Colorimetric Performance
The colorimetric methods employed in the present study are standard and are available elsewhere. 36, 51 At each pixel position, CIE XYZ tri-stimulus values were calculated from reflectance data using the CIE 1931 2-deg color matching functions,x (λ) ,ȳ (λ) , andz (λ). The CIE (x,y) chromaticity coordinates were calculated to map the color gamut in the CIE chromaticity diagram. 51 The XYZ tri-stimulus values were converted into the sRGB color space for display visualization and then to the CIELAB color space for further colorimetric analyses. The reference illuminant was the CIE standard illuminant D65 to simulate daylight conditions. The hyperspectral imaging system was validated using a telespectroradiometer (PR-650, Photo Research Inc., California). Spectral radiance data of the four ocular prosthesis and 10 human irises were also measured with the telespectroradiometer and then converted to the CIE 1976 (u , v ) chromaticity diagram. 51 The same tablet of barium sulphate acted as the white reference standard and the illuminant D65 was used. The mean reflectance values obtained with the hyperspectral imaging sys-tem were computed over similar areas excluding the specular reflection zone. Colorimetric differences between both measuring methods for the ocular prostheses and the real human iris were both around 0.01 CIE 1976 (u , v ) units. The accuracy of the imaging device in both irises and prostheses was found to be around 0.005 CIE 1976 (u , v ) units. 45 
Phase Correlation Method
Ocular movements 37 can produce translation misalignments in the set of images registered during hyperspectral acquisition. To compensate the effects of these movements, a method based on the Fourier transform and the two-dimensional (2D) phase cross-correlation method was used. [38] [39] [40] The phase correlation method is a standard tool in image processing and is based on the translational property of the Fourier transform. If the raw intensities registered in the CCD camera at two different wavelengths, I i, j (λ 1 ) and I i, j (λ 2 ), are translated by an unknown spatial offset (i 0 , j 0 ) ∈ {1, ..., 410}, then their Fourier transforms are related: 53 (2) where F(w i , w j ) denotes the 2D Fourier transform. The exponential shift factor in Eq. (2) defines the cross-power spectrum G(w i , w j ), which depends only on the phase difference between the two images:
where F * (w i , w j ) denotes the complex conjugate and the denominator indicates the normalization factor or the whitening of the images. Taking the inverse Fourier transform of the crosspower spectrum g (i, j), the position of the spatial offset is determined by the Dirac delta function centered at (i 0 , j 0 ):
For practical purposes, the phase correlation method provides a sharp peak at the registered position. In each human iris and from the stack of 16 images collected at different wavelengths, the visually evaluated image that presented the best quality was chosen as the reference one. This was normally in the range 590 to 630 nm. Then, we replaced the Fourier transform in Eqs. (3) and (4) by the fast Fourier transform 53 and determined computationally the translational shift in relation to the reference image for each spectral image in the hyperspectral set.
Principal Component Analysis
Iris reflectance spectra were considered in the vector space of square-integrable functions L 2 where the elements are 16-dimensional vectors (as much dimensions as sampling intervals). The goal of PCA is to establish a linear decomposition of reflectance spectra into a finite number of vectors in L 2 that are uncorrelated and maximizes the variance accounted for. The mean reflectance is subtracted from each reflectance sample and the covariance matrix is computed. Next, the eigenvectors are calculated from the covariance matrix by the singular value Journal of Biomedical Optics July 2011 r Vol. 16(7) 076001-3
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The coefficients α nm are numbers that indicate the coordinates in the eigenvector reference system. The eigenvectors, or basis functions, define the axes with maximum variability and provide information for recognizing spectral patterns in the data. For example, the basis function X 1 associated with α 1 (usually called the "first principal component"), explains most of the variance and is uncorrelated with the basis X 2 (the "second principal component"), and so on. 35, 54 It is interesting to note that the spectral shapes of X k merely uncover the spectral bands of the colorants in the biological tissues. That is, they are modulated around the mean reflectanceR and their sign is arbitrary containing both positive and negative values. They are also bipolar and can be added or subtracted from the mean. 54 If the mean reflectanceR can be described by the first few eigenvectors in X k , then the first term of the right-hand side in Eq. (5) can be dropped and each reflectance sample R m can be reconstructed by the linear model in Eq. (5) without the mean. 54, 55 In the present study, it was verified that the mean reflectance was a linear combination of the selected basis functions. In all cases, the root-mean-square error between the original and the reconstructed mean reflectance was below 0.09, and the percentage explained by the residuals 54 was less than 0.1%. Figure 2 represents an example of the iridal areas selected for PCA. Their spatial coordinates are referred to the center of the pupil and were classified in accordance with the radial distance from the center or the radial coordinate (in pixels) and the polar angle (in degrees). They are nine square areas of 11 by 11 pixels (0.27 by 0.27 mm) and are centered at (15, 280 Each spectrum corresponds to the reflectance factor in a different CCD's pixel and thus in a different spatial position. The spectral profile of reflectance increases as the wavelength increases and being higher in the light pigmented iris except between 630 and 710 nm. The overall spectral shape agrees well with the data collected using conventional spectroradiometers 26, 27, 34 and computational models. 2, 3, 16 lines and light prosthesis, and dark-blue lines). Their reflectance factor is, on average, lower and their spectral profile clearly differs from the real human irises. The variability in the reflectance factor of some dark pigmented irises and prostheses was, in some pixels, unexpectedly higher at 410 nm. These cases may exhibit some noise related artifacts due to the lower transmittance of the LCTF at short wavelengths 28, 29 and the CCD noisy acquisition procedure. 49, 50 This issue will be discussed later. Figure 4 represents the two human irises [Figs. 4(a) and 4(b)] and the two ocular prostheses [Figs. 4(c) and 4(d)], where data from Fig. 3 were selected. At each pixel position, the CIE XYZ tristimulus values were calculated from the reflectance spectra and then converted to the sRGB color space. In all cases, color appearance qualitatively agrees with direct visual inspection of the irises [brownish, Fig. 4(a) and bluish, Fig. 4(b) ], and prostheses [brownish, Fig. 4(c) and bluish, Fig. 4(d) ]. Spatial color distribution or texture effects in the portion unveiled by the eyelid and the eyelash in the human irises For illustration purposes, Fig. 5 compares the iris shown in Fig. 4 (a) before [ Fig. 5(a) ] and after [ Fig. 5(b) ] the phase correlation method for the compensation of eye movements was applied. Figure 5(b) shows the enhancement of the image quality. Figure 6 represents the chromaticity coordinates in the CIE-1931 chromaticity diagram [ Fig. 6(a) ] and in the three-dimensional representation in the CIELAB color space [ Fig. 6(b) ]. The coordinates L*, a*, and b* denotes the lightness scale and the red-green and blue-yellow axis in the chromatic plane, respectively. Color coding was the same as in Fig. 3 . In all cases, only a fraction of data points are shown. The results in the CIELAB color space agree with the data in Fig. 3 . The bluish iris was, on average, lighter than the brownish iris, and both lighter than the ocular prostheses.
Results

Spectral Reflectance Factor and Iris Colorimetry
The results confirm that both human irises and ocular prostheses are better represented by an extended color gamut than one-point measurements recorded with standard spectroradiometers. 8, 16, 26, 27, 34 They occupy a characteristic color map in the CIE chromaticity diagram [ Fig. 6(a) ] and a finite volume in the CIELAB color space [ Fig. 6(b) ]. 16, 34 
Global Basis
PCA of reflectance spectra was done taking the 9 selected areas in the 21 human irises together (Fig. 2 ). This provides a total of 22,869 reflectance estimations (raw data). The same analysis was repeated after the eye movement correction in the 21 human irises. PCA was also done taking the equivalent areas in the 4 ocular prostheses (4356 reflectance functions). Figure 7 presents the spectral content and provides the cumulative percentage of variance accounted for the first nine principal components. Black, gray, and red lines indicate raw data, corrected, and prostheses, respectively.
Although the first three principal components explain more than 93% in the real human irises, it was necessary to take seven to reach 99% of the total variance accounted for. A similar result was obtained after the eye movement correction except that the cumulative variance explained by each principal component was always marginally higher ( Fig. 7) . These results differ from those obtained with the ocular prostheses where only the first six principal components are good enough to explain 99% of variability. PCA was also repeated from 430 to 710 nm to avoid any noise related artifacts at 410 nm (i.e., a 15-dimensional dataset). The results were similar and nine and six principal components explained more than 99% of the total variance in both raw data, after the eye movement compensation, and in the ocular prostheses, respectively. The first principal component shows the weighted average direction in which reflectance spectra are distributed. 55 In the human irises (71.8% of variance), it indicates an overall bluish-greenish that peaks around 490 nm. The subsequent principal components are corrections peaked at different wavelengths. This will be analyzed further in Sec. 5.3.
Cross-correlation analyses of the principal components were done between raw data and corrected, and between raw data and ocular prostheses to compute their degree of similarity as a function of the lag or delay λ nm. 53 If the magnitude of correlation is close to ±1 at some positive or negative lags, the principal components can be considered very similar but lag in the spectrum, i.e., the first function is a replica shifted to the right and to the left of the second function, respectively. 55 In our case, the sign of both cross-correlation and lag values were ignored and were always positive because the principal components are bipolar. 55 Figure 8 presents the maximum cross-correlation [ Fig. 8(a) ], at the corresponding lag value [ Fig. 8(b) ], for the first 10 principal components. Black and gray circles indicate the comparison between raw data versus corrected, and between raw data versus prostheses, respectively.
The principal components in the human irises clearly differ from ocular prostheses showing poor correlation in most cases. Only in the first and eighth principal components, maximum cross-correlation was acceptable (>0.8) [ Fig. 8(a) ], and lag different from zero [ Fig. 8(b) ]. The first four principal components of the human irises before and after the eye movement correction provide very good cross-correlation (>0.99) [ Fig. 8(a) ], at lag zero [ Fig. 8(b) ]. In the next two principal components, cross-correlation was good (>0.9) [ Fig. 8(a) ], also at lag zero [ Fig. 8(b) ]. We concluded that the first six principal compo-
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Light Versus Dark Pigmented Iris
We have analyzed the principal components in the subspaces of two representative examples of human irises that are expected to contain different amounts of iridal melanin. For this purpose, PCA of reflectance spectra was done in the dark (brownish) and light pigmented (bluish) irises shown in Figs. 3(a) and 3(b) , Figs. 4(a) and 3(b) , and Figs. 5(a) and 5(b), separately (in each case, 1089 reflectance functions). It was necessary for a total of 11 principal components in both irises to reach more than 99% of the total variance (raw data). After the eye movement correction, the results were the same for the bluish iris, but only a total of 10 principal components were necessary in the brownish iris to reach 99%. The number of principal components for other pairs of irises was similar. Figure 9 presents the spectral content of the first six principal components (around 95 to 97% of total variance). Cyan and orange lines denote light and dark pigmented irises, respectively. In both cases, solid and dashed lines indicate before (raw data) and after the eye movement correction.
The first principal component is the major cause of color variations between both irises. It explains around 52 to 55% in the bluish and around 79 to 82% of total variance in the brownish iris. In the bluish iris, it peaks around 490 nm and its spectral shape is similar to the first principal component in the global basis ( Fig. 7) . On the contrary, the first principal component of the brownish iris shifts to longer wavelengths; it peaks around 670 to 650 nm and agrees well with the spectral properties of melanin. [8] [9] [10] This behavior is also in agreement with the evolution of the reflectance spectra for different melanin concentrations simulated in computational models. 2, 3, 16 We suggest that the first principal component is correlated with the melanin concentration, possibly in the iris stroma. 1-3, 8, 12, 13, 16 Figure 10 represents the maximum cross-correlation [ Fig. 10(a) ] and the corresponding lag value [ Fig. 10(b) ], between the first 10 principal components of the light and dark pigmented iris. Only the first principal components in both irises showed an acceptable cross-correlation value (0.89) [ Fig. 10(a) ], at lag 140 nm [ Fig. 10(b) ], which nearly match the separation between their maximum weights (180 to 160 nm, Fig. 9 ). The rest of principal components showed poor cross-correlation values (<0.8) [ Fig. 10(a) ]. The second the principal component of the bluish and brownish irises represent around 28 to 26% and 5% of variance, respectively and their maximum weight values were at 610 and 690 nm, respectively ( Fig. 9) . Maximum cross-correlation was only between 0.41 and 0.25 [ Fig. 10(a) ], but lags around 140 to 120 nm [ Fig. 10(b) ], which may suggest a common origin with the first principal component. The origin of the next four principal components is also unclear [Figs. 10(a) and 10(b)]. Their spectral shape show marked variations before and after the eye movement correction ( Fig. 9 ) and cannot be attributed directly to the presence of specific pigments such as oxyhemoglobin at 542 and 577 nm or deoxyhemoglobin at 550 nm. 2, 3, 56
Effect of the Iris Structure
We further examine the nature of the principal components in Figs. 7-9 taking into account the position of the selected iridal areas. PCA was performed with all the spectral reflectance factors in the 21 real human irises obtained at each fixed position of the radial coordinate (15, 30 , and 45 pixels, Fig. 2) , and also at each fixed position of the polar angle (280, 320, and 360 deg, Fig. 2 ), separately (in each case, 7623 reflectance functions). Figures 11 and 12 present the spectral shapes and the cumulative percentage of variance accounted with the first six principal components (raw data, around 98% of total variance).
It was concluded that 9 or 10 principal components are necessary to reach 99% of total variance. The results were also confirmed after the eye movement correction. In all cases, the spectral shapes of the first five principal components were very similar to those presented in Fig. 7 and change only a little with the radial coordinate ( Fig. 11 ) and the polar angle ( Fig. 12) . Figure 13 shows the maximum cross-correlation [ Fig. 13(a) ] between the radial coordinate at the distance from the pupil center of 15 pixels versus 45 pixels and between the polar angle at 280 deg versus 360 deg for first 10 principal components. Figure 13 (b) indicates the corresponding lag values. Black and gray symbols indicate before and after the eye movement correction, respectively. As expected from Figs. 11 and 12, maximum cross-correlation was acceptable for the first five principal components [ Fig. 13(a) ]. Only the second and third principal components at 280 and 360 deg had cross-correlation values slightly lower than 0.8 after the eye movement correction [ Fig. 13(a) ]. Maximum cross-correlation was at lag zero except for the first principal component between the radial coordinate at 15 and 45 pixels after the eye movement correction [lag 20 nm, Fig. 13(b) ]. The higher-order ones were clearly affected by the position of the radial coordinate and the polar angle with values below 0.6 [ Fig. 13(a) ], and lag different from zero [ Fig. 13(b) ]. PCA was done over the reflectance spectra collected from the four ocular prostheses using the same spatial classification (in each case, 1452 reflectance functions). Figures 13(c) and 13(d) show the corresponding maximum cross-correlation and lag values, respectively, for the first 10 principal components. The first six principal components showed good cross-correlation values (>0.9) [ Fig. 13(c) ] at lag zero [ Fig. 13(d) ]. The effect of the spatial position in the ocular prostheses was only apparent after the seventh principal component [ Figs. 13(c) and 13(d) ], confirming the existence of differences between human irises and prostheses (Fig. 4 ).
Discussion
In this work we reported a hyperspectral imaging system to measure the reflectance spectra of real human irises in vivo and a detailed analysis of the spectral data obtained using PCA. The main result is that the spectral complexity of the human iris is considerably larger than expected: we found that between 9 and 11 principal components are necessary to explain more than 99% of the total variance of the iris reflectance spectra, whereas only six are enough to reach 99% in the ocular prostheses. This degree of complexity is also in agreement with previous studies in color research and the statistics of natural reflectance spectra. 35 These results are independent on the influence of eye movements and noise-related artifacts at 410 nm. The phase correlation method [38] [39] [40] was used to reduce noise effects from spontaneous eye movements during the hyperspectral acquisition. The efficiency of the algorithm was demonstrated in the enhancement of the image quality in the sRGB color space (Fig. 5) , and in the PCA of reflectance spectra, where the principal components after the eye movement compensation have explained more variance in the global basis (Fig. 7) , and in the local basis ( Fig. 9 ).
The first principal component explains most of the variance accounted for (Figs. 7, 9, 11, and 12) . When comparing light versus dark pigmented irises, it shifts from short to long wavelengths ( Fig. 9 ), suggesting the presence of low and high melanin concentrations, respectively. This is in agreement with previous computational simulations 2, 3, 16 and with physiological findings. 1, 4, 7, 12 The next four principal components are relatively invariant to the eye movements, as well as the spatial position of the iridal areas. The next principal components ordered between the 6th and the 11th explain less variance and were affected by the radial and angular position in the iris [Figs. 11, 12, 13(a), and 13(b)]. It is suggested that the effect of the spatial position on PCA may be related with the iris texture. The effect of the iris curvature and deformation by pupil dilation and contraction during illumination are considered negligible. PCA was averaged over different curvatures (Figs. 11 and 12) and the study of ocular prostheses lacks any effect of iris deformation [Figs. 13(c) and 13(d) ]. The results also suggest that the iris texture is different from those in the ocular prostheses [Figs. 4, 13, and 13(d)], and their spatial color distributions expand different areas in the color spaces analyzed (Fig. 6 ). We suggest that these spatial effects might be associated with the distribution of melanocytes and the thickness variations in the different iridal layers.
The results clearly demonstrate the existence of characteristic color maps for different human irises in vivo ( Fig. 6 ) and show high-dimensional hyperspectral data (Figs. 7, 9, 11, and 12) . These results imply that to discriminate different irises or small changes in the same iris, a good accuracy is necessary. Therefore, hyperspectral imaging, together with appropriate colorimetric tools, is required for accurate iris color classification. The use of RGB cameras or multispectral systems with low spectral resolution cannot resolve the spectral structure of the irises and, therefore, have limited applications in this area. The accuracy provided by hyperspectral imaging may also be important for ophthalmic diagnosis and early detection of specific ocular dis-eases such as cataracts, ocular melanoma, or age-related macular degeneration, and may be necessary to develop better models of the structure and function of the human iris. Finally, the optimal iris color imaging system will depend on the clinical application and spectral accuracy requirement. Although multispectral imaging systems have a limited number of filters, the right selection of a small number of spectral channels may permit the isolation and study of the dominant constituents in the iris, in the same way as in skin imaging. 41, 42 Multispectral imaging systems with many filters and relatively narrow spectral bands, have also shown good accuracy for colorimetric reconstruction of iridal areas. 27, 34 
Conclusion
Hyperspectral imaging of the human iris in vivo is a robust technique that provides fast and valuable information about the iris reflectance spectra and their corresponding spatial color distribution. The method for obtaining hyperspectral images based on a liquid crystal tunable filter is standard and the new hyperspectral imaging device can be implemented for clinical purposes. The phase correlation method for the eye movement compensation is also fast and does not require any additional measurements. Its efficiency was demonstrated in the reconstruction of the hyperspectral images and in PCA. PCA of the estimated reflectance spectra concluded that between 9 and 11 principal components contribute to the iris color. The first principal component explains most of the variance and was associated with the melanin concentration in the iris stroma. Our methodologies based on PCA may be useful to better characterize the optical properties of melanin and to better understand the connection between iris color and ocular diseases.
